Controlled aggregation of nanoparticles into superlattices is a grand challenge in material science, where ligand based self-assembly is the dominant route. Here, the self-assembly of gold nanoparticles (AuNPs) that are crosslinked by water soluble oligo-(ethylene glycol)-dithiol (oEG-dithiol) is reported and their 3D structure by small angle X-ray scattering is determined. Surprisingly, a narrow region is found in the parameter space of dithiol linker-length and nanoparticle size for which the crosslinked networks form short-ranged FCC crystals. Using geometrical considerations and numerical simulations, the stability of the formed lattices is evaluated as a function of dithiol length and the number of connected nearest-neighbors, and a phase diagram of superlattice formation is provided. Identifying the narrow parameter space that allows crystallization facilitates focused exploration of linker chemical composition and medium conditions such as thermal annealing, pH, and added solutes that may lead to superior and more robust crystals. 
Introduction
Assembling nanoparticles (NPs) into superlattices with specific symmetries is crucial for applications such as catalysis, 1-3 optical devices, 4,5 sensors 6-8 and energy storage 9 . Although there has been considerable progress in assembling two-and three-dimensional (2D and 3D) superlattices of metallic and semiconductor NPs [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , the challenge of up-scaling and stabilizing these crystals still remains. 20 In this regard, self-assembly of NPs driven by interparticle and thermodynamic forces has proven to be a promising approach for the formation of macroscale ordered assemblies.
21-24
In solution based methods of NP assembly a surface ligand, covalently bound to a NP, interacts with neighboring ligands via non-covalent interactions such as hydrogen bonding. 1, 3, 20, [25] [26] [27] While there is a plethora of studies reporting structural properties of NPs by DNA-mediated assembly, [12] [13] [14] there is a relative dearth of studies on the structure of NPs networks obtained by covalent crosslinkers, such as dithiol molecules, which are an obvious choice for linking of gold nanoparticles (AuNPs). An advantage of short dithiol ligands (with a length of a few nanometers) over the longer linkers (such as those used in DNA-mediated assembly) is the very short inter-particle distance they accommodate which leads to a higher plasmon coupling and hence has potential applications in plasmonic effective medium metamaterials 28, 29 and FRET devices. 30, 31 In one of the earliest studies on assembling AuNPs with dithiols, Brust et al. 32 employed the Brust-Schiffrin method of synthesizing AuNPs and used alkyl dithiols instead of monothiols. They obtained super-clusters of NPs by drop-casting on TEM grids. Deffner et al. 33 studied the kinetics of aggregation of AuNPs functionalized with hydrophobic dithiols in water and organic solvents, but did not report on the fine structure of the aggregates. Others have shown the formation of spherical AuNP assemblies with dithiol crosslinkers 34, 35 and there has been some effort towards tuning the functional properties of NP assemblies by tuning the length of the dithiol linkers. 38 Dithiols have also been used to crosslink gold nanorods end-to-end and a preferential adsorption of thiols to the end faces of nanorods has been reported. 36, 37 Rossner et al. 39 reported the effect of chain length of crosslinking polymer on the formation of NP networks by small angle X-ray scattering (SAXS) studies of the networked NPs with a bifunctional RAFT agent and observed a broad single peak in one experimental condition. They attribute the lack of crystallinity to NP size polydispersity, crosslinking polymer polydispersity and conformational freedom of the crosslinker. 
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Crosslinking by dithiols Superlattice (SRO) Figure 1 : Schematic of the procedure to obtain AuNP-dithiol aggregates. AuNPs are cross-linked by short, water soluble dithiols and form superlattices with short-ranged order (SRO).
To address the gap in the existing literature regarding the structure of NP assemblies obtained by covalent crosslinking, we have embarked on a systematic investigation of AuNPs aggregation in the presence of dithiol ligands, using various experimental techniques, computational modeling and theoretical predictions (see schematic illustration in Figure 1 ). In particular, we employ synchrotron radiation SAXS to examine the effect that dithiol linker length and the NP size have on the structure of the aggregates. Geometrical considerations of the assembly lead us to provide theoretical predictions on the stability/formation of NP lattices. Furthermore, we evaluate the dependence of lattice quality and stability on the linker length and the connectedness of the nanoparticles by MD simulations. Upon addition of dithiols to the suspension, gold nanoparticles aggregate, as visually observed and also as recorded by UV-vis absorbance spectra. Figure 2(a) shows that the localized surface plasmon resonance (LSPR) peak of AuNPs UV-vis shifts to longer wavelengths indicating aggregation after adding DT6. Initially, the LSPR peak intensity increases, and after sufficiently long time, aggregates precipitate out of the illuminated volume of the suspension leading to a flat line in the absorbance spectrum. Figure 3 shows TEM images of AuNPs aggregates, obtained 4 hours after adding DT6 to bare AuNP suspensions, and spread on carbon coated TEM grid. Compared to dispersed bare AuNPs (Figure 3a ), the aggregates with DT6 are more tightly packed and display features that suggest the formation of multilayers in some regions. We emphasize that the individual identity of each AuNP upon addition of DT6 is preserved indicating that linked AuNPs do not coalesce into a larger Au particle. Such a separation among nearest-neighbors (NN) is achieved by virtue of the steric hindrance that the PEG linker provides. SAXS measurements, discussed below, corroborate the correlated aggregation seen in the TEM and provide more detailed averaged insight of the aggregation. shows that the lowest order interference peak is superimposed with an adjacent peak that shows up as a shoulder or making the lineshape asymmetric. The proximity of the two peaks is qualitatively consistent with the preferential formation of FCC short-range-order (SRO) over the competing HCP with a second distant peak that could be resolved in our set-up.
Results and Discussion
Whereas varying the ratio Au5:DT6 (r) gradually affects the intensity it does not significantly affect the peak position, namely, the lattice constant is robust. For the Au10:DT6, on the other hand, for r = 100 the peak shifts to larger q and is broadened, indicating a shorter NN characteristic length scale and inferior crystal quality.
To model the observed structure factors, we base our analysis on a theoretical framework proposed recently. 14, 43, 44 Observed structure factor, S(q) is fit to S M od (q) from Equation
S1
(a) using the linear least squares method assuming the peaks lineshape are Lorentzianlike. We find that the FCC lattice is the best match for the observed structure factor as shown in Figure S3 (b). The fitted curves reasonably match the observed structure factor, especially the primary peak which in the model appears as a superposition of (111) and (200) FCC peaks. Results of the fit model are presented in Table S1 and Figure S3 To examine the role of dithiol linker length on crystal quality, we examine a few unique dithiols varying in PEG lengths as they are mixed with AuNPs. While samples with DT4 and DT6 lead to quantitative precipitation of nanoparticles, those with DT12 and DT21 showed only a change in color, from dark red to pale pink, indicating nanoparticle aggregation.
Even two weeks after sample preparation, we do not observe precipitates in these samples. that deviates significantly at longer lengths. As we show below, there are some geometrical constraints imposed on the system when considering NP size and linker length that limit how crystallinity can be achieved through self-assembly.
Geometrical and stability considerations
Below we examine crosslinking assembly conditions that reinforce ordered rather than amorphous states. We specifically focus on two main sources for increased disorder that work against superlattice formation: 1. A broad or random distribution of binding dithiol sites between neighboring NPs and 2. The effect of defects (i.e., missing or misplaced particles on a lattice) due to weak or insufficient number of dithiol bonds on the stability of an ordered state. The first source has to do with random linking NPs such that NN distances are broadly distributed, resulting in an amorphous state, as is typical of glasses. In the limit of long linkers, dithiols no longer work as tethers and the system would exhibit fluid properties. We note that the dithiol bridges are flexible (especially with longer PEGs) implying that there is some leverage on the location of the binding sites. The second source for disorder pertains to the overall stability of an ordered crystal as more and more symmetry sites become unoccupied. In an FCC lattice, for example, although each NP has twelve NNs, we expect that the assembly can be stable even when all the NNs are not connected. We address these two issues in turn.
To correlate AuNP NN distance with the dithiol length, we consider simple geometrical requirements for the assembly as depicted in Figure 6 
For a perfect FCC crystal, this equation yields an angle of θ max = θ F CC = 33.55°where as for a perfect BCC crystal it is θ max = θ BCC = 41.41°. θ F CC (see Figure 6(a) ), is the semi-apex angle that defines the cone associated with each NN in the FCC lattice. Assuming that the dithiol molecule is completely stretched so that the length of the dithiol bridge is equal to the contour length of dithiol, we obtain bounds for the nearest neighbor distance in an FCC lattice as follows
Experimentally obtained τ and λ for different lengths of dithiols is plotted in Fig.6 (b) for 5 and 10 nm nanoparticles along with the bounds using Equation 2. As seen from this figure, D N N for DT12 and DT21 (λ > 0.5 in this study) appears outside the bounds, consistent with our observation that these two systems behave substantially different from the other two (with DT4 and DT6) displaying weak inter-particle correlations ( fig. S4 ). In addition to these geometrical constraints, more detailed models such as, OPM 49 , OCM 50 and OTM
47,51
can provide upper and lower bounds to the NN distances. Here we consider the OPM and OCM as follows,
where the parameter ξ = A 0 A is a relative measure of grafting density, A 0 is the smallest possible molecular area, and A is the actual molecular area. Using the aforementioned models, we can predict where we would expect to find ordered structures experimentally.
First, we note that geometrical considerations restrict the phase diagram into a narrow strip.
We can then add the bounds given by the OPM and OCM models and the phase diagram is now restricted to a small region that satisfies both the geometry and the nanoparticle interaction models. In Figure 6 , we shade the entire expected region predicted in this way, considering the full range of ξ as the grafting density of this system is yet unknown. We clearly predict the experimental results, where ordered structures fall in or near the prediction and experimental cases that did not result in order are far from our prediction.
Having . We note that for f L ≥ 0.13 the lattice becomes disordered in a liquid-like state. 53 We define the average number of connected NNs per nanoparticle to be 2k. In a fully connected FCC lattice k = 6 as there are 12 NNs per lattice point. From the plots for f L versus k from the MD simulations ( Figure 7) it can be observed that k critical at which f L = 0.13 is ∼2.5 meaning that on an average nanoparticles should be connected to at least 5 NNs to induce lattice stability. Further, as shown in the inlaid plot in Figure. 7, f L increases with the tether length (number of monomers) indicating decreasing crystal quality with longer tethers. Snapshots from these MD simulations are presented in Figure S5 , S6a and S6b in the SI.
In our analysis we assume the NPs to be perfect spheres which is a reasonable approximation considering SAXS and TEM results of the bare NPs and also geometrical packing of Au atoms into large clusters (D ≥ 4 nm) appear more spherical. 54 For non-spherical particles (such as, smaller gold clusters) there necessarily exists a regime where NP geometry affects the equilibrium structure, particularly at low values of the parameter λ. Specifically, we expect that as the NP becomes less spherical, the number of geometrically allowed bridges in the network can vary. This is certainly an issue that requires further investigation, but we expect that the effect of NP geometry in our system is small for the values of λ studied. 
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Complementary experiments
Dynamic light scattering (DLS) experiments (uisng with Zetasizer Nano at a wavelength of 633 nm and forward scattering angle of 90°) were conducted 4 hours after mixing gold nanoparticles with various dithiols. Aggregates with DT6 showed quantitative precipitation after 2 days whereas DT12 did not induce quantitative precipitation of the nanoparticles.
With DT6 and DT12 there are larger aggregates formed with hydrodynamic size centered at ∼ 400 nm, as shown in Fig. S1 . We note that the aggregate-size for DT6 is larger than the estimated crystal size from SAXS measurements. Aggregates with DT21 formed only small aggregates with hydrodynamic size ∼ 25 nm and in fact this value did not change significantly even after 2 days indicating oligo-merization. This is consistent with interparticle correlation length (20 nm)for DT21 extracted from SAXS.
X-ray photoelectron spectroscopy (XPS) surface analysis was performed with a PHI 5500 S1 spectrometer using Al-Kα1 radiation with a 45°electron collection angle, corresponding to the maximal penetration depth of about 10 nm. Au4f7/2 peak (84 eV) was used to calibrate the data and CasaXPS was used for fitting the models. The precipitates were collected and analyzed with XPS to study the nature of chemical bonds (Fig. S1(b) ). S2p region showed two components: a S-Au component centered at 162.5 eV and S-C component centered at 164 eV. Since -C-S-S-C-and -C-S-H have similar bond energies it is difficult to ascertain the presence or absence of disulfide bridges in the precipitates.
In addition to direct crosslinking AuNPs by dithiol, there exists another linking route where a bound dithiol to a AuNP forms a disulfide bridge with a similar dithiol that is bound to a neighboring AuNP (see schematic Figure S2 (a) and S2(b)). However, as we argue below such indirect bridging is less plausible, in particular for the short chains dithiols. Indeed, the obtained NN distances for DT4 and DT6 are too short to be rationalized with indirect disulfide bridging, as discussed in the manuscript. Furthermore, the disulfide bridges are energetically weaker compared to the Au-thiol bond. Also, the cross section for a bound dithiol impinging on to another dithiol is much smaller than compared to a bare surface of a AuNP even after the binding of a few dithiols on it. We note that XPS results of these samples could not distinguish between these mechanisms as explained in the SI ( Figure   S1 (a)).
SAXS data reduction and fitting
The precipitates and aggregates are analyzed in their native environment by standard reduction of SAXS data as plotted in Figure S3 (a). We recall that the scattering intensity Figure S4 : Structure factor curves for (a) Au10:DT12, Au10:DT21, (b) Au5:DT12 and Au5:DT21 at r = 8500. The data has been binned on a logarithmic scale in q for better presentation. Due to the relatively large error bars at high q, only primary peak has been considered to draw inferences on the structure of the assemblies. Unlike the structure factors for DT4 and DT6 systems, these do not show much semblance to FCC lattice structure factors.
Structure factor model 1
In this model, A 0 is a constant, free parameter; β(q) corrects for particle size polydispersity and orientational disorders 44 size to have no effect on the structure factor (β(q) = 1). Crystallite sizes (C F CC ) were calculated using the Scherrer equation (Eq.S2). Results from this model are tabulated in Table   S1 and a representative fit is shown in Figure S3 (b). Nearest neighbor distances for FCC used in Figure 6 are obtained from fits to this model as
. Since SAXS results from DT12 and DT21 systems could not be fit to scattering from any standard lattice, the first peak in S(q) was used as q 111 .
Structure factor model 2
This model relaxes the constraints on relative peak intensities which are fixed by the peak multiplicities, the Lorentz factor and the Debye-Waller factor in model 1. Due to this relaxation of constraints, this model shows a better fit to the experimentally observed scattering. h hkl is the relative peak height for the peak corresponding to {hkl} reflections.
Peak width (σ hkl ) is allowed to increase linearly with q hkl as a first order approximation. 
MD simulations for lattice stability
Snapshots from MD simulations illustrate the results of Fig. 7 from the main text. Overall lattice quality relies heavily on the connectedness of the lattice, as is evident in Fig. S5 . Due to the random distribution of bridges in the lattice, we see regions of high relative order and connectivity (Fig. S6a) , as well as local regions where relative connectivity is low and local order is not present (Fig. S6b) . 
